Abstract-Accurate State-of-Charge (SoC) and remaining run-fully charged or it is overcharged. In the former case, the time indication for portable devices is important for the userbattery will be recharged more often than needed, which will convenience and to prolong the lifetime of batteries. However, the lead to an earlier wear-out. In the latter case, frequent known methods of SoC indication in portable applications are overcharging will lead to a lower cycle life [1] .
I. INTRODUCTION
Portable electronic devices have become ubiquitous in modem society. The recent rapid expansion in the use of portable computers, personal data assistants, cellular phones, camcorders and power tools creates a strong demand for fast deployment of battery technologies at an unprecedented rate. The design of such a portable device requires many batterymanagement features, including charge control, batteryThe basic task of the Power Module (PM) is to charge the capacity monitoring, remaining run-time information, etc. For battery by converting electrical energy from the mains into offering high precision each part of the system must be near to electrical energy suitable to charge the battery (see Fig. 1 ). perfection.
The PM can either be a separate device, such as a travel In portable applications the request for an accurate and charger, or be integrated within the portable device, as in for reliable SoC indicator system is clear. Inaccuracy of an SoC example shavers [1] . A protection IC connected in series with indication system can be pretty annoying, especially when a the battery is needed for Li-ion batteries. The battery voltage, portable device suddenly stops functioning whereas sufficient current and temperature have to be monitored and the battery capacity is indicated [1] . A poor reliability of the SoC protection IC has to be controlled to ensure that the battery is indication system may induce the use of only part of the never operated in an unsafe region. The battery manufactu available battery capacity. For exweple, the user may be determines the region within which it is considered safe to use inclined to recharge the battery every day, the Li-ion battery. Outside the safe region, destructive battery capacity is indicated on the portable device. This will lead to more frequent recharging than strictly necessary, which processes may start to take place [1] . The DC/DC converter is in turn leads to an earlier wear-out of the battery. The effect of used to efficiently condition the unregulated battery voltage (3 inaccuracy of SoC indication can be even worse when the SoC V -4.2 V in a Li-ion chemistry) for compatibility with value is also used to control charging. The battery is either not stringent load requirements (see Fig. 1 ). The basic task of the load is to convert the electrical energy supplied by a battery battery is charged, discharged or in equilibrium, the algorithm into an energy form that will fulfill the load's function. [1] . The processor is used to run few mA, which is lower than a small current Ilim defined in the the battery-management software, including the SoC system (e.g. 2 mA mean in a mobile phone application). For algorithm (see Fig. 1 phase transition occurring around zphzO.25 is modeled. Under 3 V). This leads to an apparent capacity loss, which at low normal operational conditions xLi will cycle between 0.5 and temperatures of e.g. 0°C amounts up to more than 5% [1] .
Hence, a distinction should be made between available charge 1, but ZL; will cycle between 0 and 1 [1] . Simulation results of intebtey(..SC n hecag htcnb ihrw Li in the battery (i.e. SoC) and the charge that can be withdrawn the mathematical EMF implementation will be presented in from the battery under certain conditions, expressed in section III. remaining run-time. As overpotentials are temperatureThe transitional state is used when the algorithm changes dependent, temperature measurements are also needed in the from either the charge or the discharge state to the discharge state. The overpotential model, in which the ohmic, equilibrium state. In this state it is determined whether the kinetic, diffusion and increase of the overpotential when the battery voltage is stable and the algorithm is allowed to enter battery becomes empty are considered, is modeled as follows: into the equilibrium state. Fig. 3 [1] , [3] .
curve. the measured and fitted overpotential at four different Fig. 4 . EMF curve measured with Maccor battery tester and fitted EMF curve discharge current rates as a function of the relative SoC are using the mathematical implementation at 25"C. illustrated in Fig. 6 . The measurements have been carried out at 250C. However, our indicator made a slightly optimistic estimation 0.3 gwhereas the TI indicator made a consistently very pessimistic estimation. Our aim is to predict the remaining run-time -0.4 exactly or slightly pessimistically, which would be an important advantage in comparison with the TI gas gauge.
-0.5 J The tests presented in this paper have been limited to full
SoC N] charge/discharge cycles at different constant C-rates. The its history. The battery capacity has been learned during the first charge cycle by using the method described in [3] . A 40408 maximum capacity of 1176 mAh has been obtained. All the SocrrC experiments have been carried out with the same battery and 250C.
An important advantage of the presented SoC indicator is It can be concluded from Fig. 7 that the maximum that based on coulomb counting during the charge state and difference between the measured and the fitted overpotential is based on coulomb counting and the overpotential function for obtained for the 0.1 C-rate discharge current at low SoC. In the discharge state a remaining run-time indication is this situation, at 0.5% SoC the obtained difference has a value provided. of around -55 mV. This voltage error corresponds to a low
In Table 1 the experimental results are summarized.
capacity value (SoC = 0.25% or 2.5 mAh), which still can be Column one gives the discharge C-rates of the tests. The removed from the battery. Even for a fresh cell, at 250C and at remaining run-time of the SoC indicator in hours, minutes and an e.g. 0.5 C-rate mean discharge rate this means that the SoC seconds predicted at the start (t,_) and indicated at the end system will indicate around 18 seconds more remaining run-(tr_e) of the tests, is given in columns two and three, time than in the real case, see (7). In the majority of the cases respectively. Columns four and five denote the absolute error a very good fit (under 10 mV difference) between the two in the remaining run-time tr er and the SoC indication at the curves is obtained.
end of the experiment. The absolute error of the remaining It can be concluded that the produced error by the run-time indication is calculated as the absolute difference overpotential implementation will generally provide us between the t,_ and the time at which the system reaches the enough accuracy in order to achieve a final accuracy of 1 3-V End-of-Discharge voltage level. minute of the remaining run-time indication. V. CONCLUSIONS
A new State-of-Charge (SoC) indication algorithm has been presented, which calculates the SoC in percent, as well as the remaining run-time for a portable application.
A particular method used for the presented SoC indication scheme is the EMF method. The advantage of this method is that the EMF curve does not depend on many parameters. The main drawback of the EMF method is that it does not provide continuous indication of the SoC. Therefore the proposed SoC system also uses coulomb counting and overpotential prediction.
As has been shown in this paper significant improvement of the fitting results compared to [1] , [3] of overpotential function have been obtained. These improvements give a prediction of the remaining run-time generally better than one minute.
In the near future, we plan to reduce the required rest period for the EMF determination and to predict this value already during the transitional state. Also, more tests at different conditions (e.g. different temperatures, C-rates and aged batteries) will be carried out in order to improve the accuracy of the novel presented method of SoC indication.
